A detailed analysis of the photoluminescence ͑PL͒ from Si nanocrystals ͑NCs͒ embedded in a silicon-rich SiO 2 matrix is reported. The PL spectra consist of three Gaussian bands ͑peaks A , B, and C͒, originated from the quantum confinement effect of Si NCs, the interface state effect between a Si NC and a SiO 2 matrix, and the localized state transitions of amorphous Si clusters, respectively. The size and the surface chemistry of Si NCs are two major factors affecting the transition of the dominant PL origin from the quantum confinement effect to the interface state recombination. The larger the size of Si NCs and the higher the interface state density ͑in particular, Siv O bonds͒, the more beneficial for the interface state recombination process to surpass the quantum confinement process, in good agreement with Qin's prediction in Qin and Li ͓Phys. Rev. B 68, 85309 ͑2003͔͒. The realistic model of Si NCs embedded in a SiO 2 matrix provides a firm theoretical support to explain the transition trend.
I. INTRODUCTION
The discovery of visible photoluminescence ͑PL͒ from electrochemically etched porous silicon ͑PS͒ at room temperature has stimulated extensive research in the development of nanostructured Si materials and in the exploration of the underlying luminescence mechanism in order to realize an efficient Si-based light emitter. 1 Low-dimensional Si materials such as surface-oxidized Si nanocrystals ͑NCs͒, Si/ SiO 2 multilayers or superlattices, and Si NCs embedded in a Si-rich oxide matrix ͑SRO͒ are produced with different techniques [2] [3] [4] [5] [6] to overcome the problem of chemical and mechanical instability of PS. As to the widely debated luminescence mechanism, the recent consensus is that both the quantum confinement effect and the interface state recombination play important roles. It seems to be well established that the PL peak energy varies with the size of Si nanostructures in the quantum confinement scheme, while the interface state emission is generally regarded to be size insensitive. 7, 8 Wellcharacterized Si NCs 7 and two-dimensional quantum well structures 8 easily provide experimental evidences that both core and interfacial emission centers contribute to the red and infrared PL by varying the size of Si NCs or the thickness of Si layers. Nevertheless, it is still a very difficult task to separate the interfacial effect from the quantum confinement effect in the radiative emission from the complexstructured SRO material system due to the lack of the effective size control of Si NCs and their broad size distribution. Thus, such references are scarce. 9 On the other hand, the interfacial radiative states are presumed to play a key role in the population inversion mechanism of the SRO material system in the four-level recombination gain model. 10 Hence the nature and the properties of the interface states have become crucial in order to verify this model.
Regarding the interface state effect as a function of Si NC size, there also seems to be controversial conclusions. In Ref. 11 , it is considered that the quantum confinement effect dominates in NCs with larger sizes, while for NCs with smaller sizes the interface state effect plays a key role. Contrarily, Qin and Li regard that there is a critical NC size, below which the quantum confinement effect dominates, and above which the interface state effect prevails. 12 Widely varied synthesis processes might be the reason for the different explanations of the origin of Si NCs' luminescence. The former model is supported by the observations in the cases of porous silicon quantum dots after exposure to oxygen 11 and controlled passivation of isolated Si NCs. 13 However, few experimental results are reported to support Qin and Li's model.
In this paper, studies are carried out to separate the contribution of interfacial state recombination from Si NC's band edge emission in the PL spectra of SRO. The relative contribution of interface state radiative emission to PL as a function of Si atomic content in SRO and subsequent annealing treatment is also investigated. Our results indicate that the larger the size of Si NCs, the higher the interface state density, and the more the interface state recombination process dominates over the quantum confinement process in the SRO material system, in support of Qin and Li's model. The paper is organized as follows. A brief description of the fabrication technique and characterization measurements of the SRO material system is given in Sec. II. The complete study of the PL behavior is presented in Sec. III. First the study is carried out to separate the contribution of the interface state recombination from Si NC's band edge emission in the PL spectra ͑Sec. III A͒, then the effect of the size and surface chemistry of Si NC on the transition of dominant PL origin is considered ͑Sec. III B͒. The transition mechanism of the two PL origins is discussed in Sec. IV. Finally in Sec. V conclusions are presented.
II. EXPERIMENT
Amorphous SiO x ͑0 Ͻ x Ͻ 2͒ films were deposited by plasma-enhanced chemical-vapor deposition ͑PECVD͒ technique from appropriate gaseous mixtures of 15% argondiluted silane and nitrous oxide, in a capacitively coupled reactor with a constant deposition pressure of 110 mTorr. The substrate was the phosphorous-doped Si ͑100͒ wafer with a resistivity of 3-6 ⍀ cm. Before loading into the chamber, Radio Corporation of America ͑RCA͒ cleaning and hydrofluoric acid ͑HF͒ dip procedures were applied to clean the wafer surface. The substrate was heated to 200°C and the radio frequency ͑13.56 MHz͒ power was kept at 50 W. The flow rate ratio ⌫ ͓͑SiH 4 ͔ / ͓N 2 O͔͒ varied between 3.5 and 12. The deposition time was 30 min to obtain about 300 nm thick films. With this procedure, the Si concentration of SiO x films ranged from 38 at. % to 54 at. %, determined by Rutherford backscattering spectrometry ͑RBS͒. After the deposition, SiO x films were annealed for 60 min between 900°C and 1200°C in ultrapure N 2 ,O 2 , or Ar gases to form Si NCs. Hydrogen passivation of SRO films was subsequently achieved by annealing at 500°C for 1 h in the forming gas of 95% N 2 and 5% H 2 . The structural properties were characterized by employing Fourier transform infrared spectra ͑FTIR͒, Raman spectroscopy and cross-sectional high resolution transmission electron microscopy ͑HRTEM͒.
PL measurements were performed using the 488 nm line of Ar + pumping laser. The room-temperature PL signals were detected by a liquid nitrogen-cooled Ge detector and the excitation power was fixed at 40 mW over a circular area of about 1 mm in diameter at the Institute of Semiconductors. The temperature-dependent PL signals were probed by a combination of a photomultiplier tube PMT928 and a liquid nitrogen-cooled Ge detector, and the excitation power was 30 mW at the Hong Kong University of Science and Technology. All PL spectra were corrected for the detector spectral response.
III. RESULTS

A. Origin of the photoluminescence
Typical SRO samples emit light at room temperature in a broad red and infrared range of 700 to ϳ1100 nm. Figure 1 compares the PL spectra of SRO samples with different Si content annealed at 1150°C for 1 h in ultrapure N 2 ambient.
In order to show the shift of the peak wavelength clearly, all spectra are normalized so that the peak intensity is unity for all samples. It appears that the peak position has a marked redshift with the increase of the average Si NC size resulting from higher Si concentration, as expected by the quantum confinement model. 6 However, the spectrum of 38 at. % Si sample actually consists of three obvious peaks, indicated by the arrows in Fig. 1 . Moreover, other PL spectra are also comprised of three Gaussian bands with different relative intensity, named peaks A , B, and C respectively. As an example, the inset of Fig. 1 shows the deconvolution of PL spectrum of the 40 at. % Si sample. The peak positions of three Gaussian bands are observed to vary as a function of Si concentration, i.e., A is peaked between 750-800 nm, B 850-950 nm, and the weak, broad C around 1000-1150 nm.
Firstly, the origin of peak C is investigated. Figure 2 shows the thermal annealing effect on the PL of 48 at. % Si sample. Peak C is present in the as-deposited film, increases and reaches the maximum at 1100°C annealing temperature, and then decreases with further increase of the annealing temperature. The same SRO film ͑48 at. % Si͒ deposited on a quartz substrate is used to carry out Raman spectrometry in order to eliminate the signal from the Si substrate ͑Fig. 3͒. It's well known that few amorphous Si ͑␣-Si͒ clusters exist in as-deposited films and the first stage of phase separation of Si and SiO 2 in a SiO x matrix begins at 900°C, but welldefined ␣-Si clusters are formed only at 1000°C. 14 The peaks corresponding to the modes of ␣-Si ͑indicated by arrows in Fig. 3͒ can be identified in Raman spectra 15 of the sample annealed at 1000°C. The sharp transverse optical ͑TO͒ mode of Si NCs ͑513 cm −1 ͒ superimposed on the broad ␣-Si modes indicates the nucleation and growth of Si NCs after the phase separation. With the increase of the annealing temperature up to 1150°C, the transverse optical TO mode signal of Si NCs dramatically increases and becomes narrower due to enhanced crystallization. On the other hand, ␣ -Si modes decrease markedly at 1150°C, owing to the crystallization of ␣-Si clusters. Note that the variation of the amount of ␣-Si clusters based on Raman results is similar to the trend of peak C emission intensity as a function of the annealing temperature, suggesting that the broad peak C is related to ␣-Si clusters. Moreover, Fig. 1 demonstrates that the relative intensity of the tail at longer wavelength ͑ Ͼ1000 nm͒ increases with the Si content. Since SRO films with higher Si content contain more ␣-Si clusters, this observation further supports the opinion that peak C is ascribed to localized state transitions in ␣-Si clusters 16 in the SRO material system.
In the following part, attention is focused on the origins of peaks A and B. Figures 4͑a͒ and 4͑b͒ show the peak intensity ratio of peak A to B and the peak position of PL spectra at the annealing temperatures of 1150°C and 1200°C, respectively. In the case of 1150°C annealing, the peak intensity ratio of A to B decreases from 1.8 to 0.35 as the Si content increases from 38 to 46 at. %, indicating a dominant peak transition from A to B. Correspondingly, the peak position jumps from ϳ750 nm to ϳ860 nm. Therefore, the significant redshift of PL peak position as the Si content increases is mainly due to a dominant peak transition from A to B. As is shown in Fig. 4͑b͒ , we notice that for the samples dominated by peak A emission at 1150°C annealing ͑e.g., 38 and 40 at. % Si͒, there is also a dominant peak transition from A to B and correspondingly a large redshift ͑50-70 nm͒ of peak position when the annealing temperature increases to 1200°C. On the other hand, for the samples dominated by peak B emission at 1150°C annealing, only a very small redshift ͑less than 10 nm͒ in the peak position is observed ͑an example of this case is shown in Fig. 2 , with 48 at. % Si͒, and the peak intensity ratio of A to B varies only slightly. Hence, the annealing temperature-induced redshift is also mainly due to the dominant peak transition from A to B. As can be seen in Figs. 4͑a͒ and 4͑b͒ , such transition happens suddenly in a narrow composition ͑42-44 at. % Si͒ or annealing temperature range ͑1150 to ϳ1200°C͒, leading to a jump in the peak's redshift, in contrast to the gradual peak shift expected in the quantum confinement scheme. It is interesting to note that in Figs. 4͑a͒ and 4͑b͒ peak B position does depend on the sample composition, shifting from ϳ860 nm to ϳ930 nm and then saturates around 930 nm when the Si composition increases from 46 to 54 at. % under both annealing conditions. This phenomenon will be discussed in detail in Sec. IV.
In order to clarify the origins of peaks A and B, we explore in greater detail the difference between the samples dominated by peak A ͑40 at. % Si͒ and B ͑46 at. % Si͒ annealed at 1150°C, named as S_A and S_B for abbreviation, respectively. The high resolution TEM images clearly demonstrate Si NCs with different orientations exist in both S_A and S_B. The major difference is the Si NC size and size distribution ͑standard deviation͒ of the two samples. The mean diameter of Si NCs is 2.0± 0.3 nm in S_A and 2.6± 0.5 nm in S_B by a detailed statistical analysis of the HRTEM.
Temperature-dependent PL spectra from S_A and S_B are shown in Fig. 5 . The appearance of the weak signal around 1.3 m below 100 K arises from the defect recombination in the Si substrate. The peak position of S_A shifts toward longer wavelength when the temperature increases from 10 K to 300 K, while there is a negligible shift in the case of S_B. Therefore, it is assumed that peak A is related to the quantum confinement of Si NCs, while peak B is related to the interface states. For the bulk crystalline Si ͑c-Si͒, it's well known that the combination of thermal expansion and electron-phonon interaction contributes to the shrinkage of the band gap with the increase of temperature, and it can be fit by the relation 17   FIG. 3 . ͑Color online͒ Raman spectra of 48 at. % Si SRO film grown on quartz substrate annealed at 1000°C, 1100°C, and 1150°C for 1 h in N 2 ambient ͑300 SCCM͒. 150, 300, 380, and 480 cm −1 ͑indicated by arrows͒ are ascribed to transverse acoustic ͑TA͒, longitudina1 acoustic ͑LA͒, longitudinal optical ͑LO͒, transverse optical ͑TO͒ modes of ␣-Si, respectively. The peak at 513 cm −1 is ascribed to TO mode of Si NCs.
FIG. 4.
͑Color online͒ Peak PL intensity ratio of peak A to B and peak position as a function of Si concentration of SRO films. ͑a͒ annealed at 1150°C for 1 h in N 2 ambient ͑300 SCCM͒, ͑b͒ annealed at 1200°C for 1 h in N 2 ambient ͑300 SCCM͒. Full square : PL intensity ratio, full circle ͑gray color͒: peak position.
ORIGIN AND EVOLUTION OF PHOTOLUMINESCENCE… PHYSICAL REVIEW B 72, 195313 ͑2005͒
195313-3
where A is the temperature-independent constant ͑0.064 eV for c-Si͒, k B is the Boltzmann constant, E gap ,0 is the energy value at 0 K determined by extrapolation ͑1.233 eV at 0 K for c-Si͒, and ⍀ represents an average phonon energy ͑0.032 eV for c-Si͒. Since light emission from Si NCs in the carrier quantum confinement scheme is due to the band to band radiative recombination of electron-hole pairs confined within nanocrystals, 18 the peak position of S_A as a function of temperature should also follow Eq. ͑1͒. In order to clearly demonstrate it, a unit conversion of the peak position is performed from wavelength unit ͑nm͒ into energy unit ͑eV͒. The PL peak position is determined by a parabolic fit near the PL maximum, using the data points greater than 90% of the maximum intensity in Fig. 5͑a͒ . The PL peak position of S_A as a function of measurement temperature is shown in Fig. 5͑c͒ . The error bars in the figure include the testing system error and parabolic fit error. The best fit to the experimental data by Eq. ͑1͒ can be achieved with E gap ,0 = 1.860± 0.064 eV, A = 0.194± 0.065 eV, and ⍀ = 0.050± 0.007 eV, presented by the dashed line in Fig. 5͑c͒ . As a comparison, the temperature dependence of the c-Si band gap is also plotted in Fig. 5͑c͒ by the solid line. Obviously, the observed temperature-induced redshift of S_A emission is compatible with the shrinkage of c-Si band gap. The increase of the energy gap ͑E gap ,0 ͒ with respect to c-Si is due to the quantum confinement of Si NCs. A similar temperature-dependent PL signal was also reported in SiO/ SiO 2 superlattices in Ref. 19 and the breakdown of the k-conservation rule for Si NCs was also observed by resonant PL measurements in that case, which further confirms the quantum confinement effect as the origin of the luminescence signal of peak A.
Considering S_B contains relatively larger Si NCs compared with S_A, if the quantum confinement effect makes major contribution to the emission of S_B, it's expected that the temperature dependence of the peak position should also follow the behavior described by Eq. ͑1͒. However, a negligible shift of the peak position is observed in S_B, implying that quantum confined effect is not the origin of peak B. Since the position of peak B is temperature insensitive, we can conclude that peak B is ascribed to the radiative recombination of localized levels formed by interface states between Si NC and the SiO 2 matrix or from defect-related centers in the SiO 2 matrix. 20 The defect-related luminescence in the matrix can be selectively quenched by hydrogen passivation. 20 Therefore, the two types of localized levels can be distinguished by means of postannealing in the forming gas ͑95% N 2 and 5% H 2 ͒ at a relatively low temperature of 500°C, which has a negligible effect on Si NC size and size distribution due to the lower thermal budget. The observation of PL intensity enhancement in all samples excludes that either peak A or B is originated from a defect-related recombination in the matrix. Hence, we can unambiguously attribute peak B to the interface state recombination.
The enhancement factor of PL integrated intensity after postannealing in the forming gas is presented in Fig. 6 . When the dominant emission peak transforms from A ͑Si ഛ 42 at. % ͒ to B ͑Siജ 46 at. % ͒, the enhancement factor of PL intensity increases significantly from 1.5 to 3.5, implying that hydrogen passivation is more effective for enhancing peak B emission. The enhancement is generally ascribed to hydrogen passivation of nonradiative P b centers arising from Si dangling bonds at the Si/ SiO 2 interface. 21 Therefore, it has a more significant effect on the radiative emission of interfacial states ͑peak B͒ than interband transition within Si NCs ͑peak A͒, again supporting our view on the origins of peaks A and B. FIG. 5 . ͑Color online͒ Temperature-dependent PL spectra of samples annealed at 1150°C for 1 h in N 2 ambient ͑300 SCCM͒ with peaks A and B emission dominant. ͑a͒ S_A ͑40 at. % Si͒; ͑b͒ S_B ͑46 at. % Si͒; ͑c͒ PL peak position ͑eV͒ of S_A as a function of the temperature ͑full square: ͒. The dashed line is the best fit to the experimental data according to Eq. ͑1͒. As a comparison, the case of bulk Si is denoted by the solid line.
B. Evolution of peaks A and B under different annealing ambient
In Sec. III A, we observe a transition of dominant emission peak from A to B, corresponding to a dominant mechanism transition from the quantum confinement effect to the radiative interface state recombination with the increase of Si NC size as a result of higher Si content or annealing at higher temperature. The transition happens in a narrow Si content ͑42-44 at. %͒ or annealing temperature ͑1150-1200°C͒ range. These results agree with Qin and Li's theoretical model, i.e., there is a critical NC size, below which the quantum confinement effect dominates, and above which the interface state effect prevails. 12 In the case of annealing at 1150°C in N 2 ambient, the critical size is estimated to be about 2-2.5 nm based on the information from HRTEM and PL results of samples S_A ͑peak A dominated, NC size = 2.0± 0.3 nm͒ and S_B ͑peak B dominated, NC size = 2.6± 0.5 nm͒.
Another aspect of Qin and Li's model is that the higher the interface state density, the more beneficial for the interface state recombination process. 12 Recent theoretical calculations and experimental observations indicate that double bonded Siv O significantly reduces the effective optical band gap by creating localized states and pinning the band gap of Si NCs, while single bonded groups ͑Si-H, Si-N͒ do not form localized states and have much less influence on the energy band of Si NCs. 22, 23 Thus, the density of interface states responsible for peak B emission in SRO films is particularly linked to the number of Siv O bonds per unit volume, which can be modified by the annealing environment.
9,24 Figure 7 compares the effect of annealing ambient on the PL spectra of 42 at. % Si sample annealed at 1150°C. In the inert Ar case, peak B makes a major contribution to the PL signal ͑peak intensity ratio A / B is 0.2͒. In the flowing O 2 case, the spectrum becomes rather broad, obviously consisting of both A and B bands ͑A / B is 0.6͒. The case of N 2 ambient with lower flow rate ͑10 SCCM denotes cubic centimeters per minute at STP͒ is similar to that of O 2 , probably due to the residual O 2 in our annealing furnace at lower N 2 flow rate. However, in the case of N 2 with a higher flow rate ͑300 SCCM͒, peak intensity ratio of A / B increases to 1. Compared with the inert Ar case, the increase of peak A intensity upon N 2 ͑300 SCCM͒ or O 2 annealing can be related to the reduction of the Si NC size by reacting with N 2 or O 2 , 9,25 making the quantum confinement effect dominant. It should be noted that peak A is relatively stronger and peak B is weaker in N 2 ambient ͑300 SCCM͒ case with respect to the O 2 case. Considering that annealing gas can modify the surface chemistry of Si NC in addition to reduction of NC size, we presume that the decrease of Siv O bonds fraction by N incorporation in the interfacial shell of Si NC and formation of Si-N bonds 26 would also account for the less contribution of peak B emission in the case of N 2 ͑300 sccm͒ annealing. The investigation of the effect of the surface chemistry on the dominant PL origin of Si NCs is in progress.
IV. DISCUSSION
We observe in Sec. III that the size and the surface chemistry of Si NCs are two factors affecting the origin of photoluminescence from SRO material system. The increasing dominance of the interface state effect with the increase of Si NC size is in good agreement with Qin and Li's prediction in Ref. 12 . As Si content, Si NC size, and the structure of interface states tightly interplay in SRO material system described in this paper, a realistic model of Si NCs embedded in amorphous SiO 2 matrix proposed in Ref. 27 is adopted as a firm theoretical understanding of our observations.
According to this realistic model, the fraction of oxygenrelated bonds declines drastically as the Si NC size gets smaller, especially for NCs below 2-2.5 nm. 27 On the other hand, in this size range the critical number of interface states required for interfacial recombination-dominated emission increases dramatically with decreasing NC size based on Qin and Li's calculation. 12 Since the number of interface states is shown theoretically to be proportional to the fraction of oxygen-related bonds, 22 a decline in this fraction due to the decrease of Si NC size would make the number of interface states below the critical value for interfacial effect-domi- FIG. 6 . Enhancement factor of the integrated PL intensity of the samples with different Si concentration after passivation annealing at 500°C for 1 h in the forming gas of 95% N 2 and 5% H 2 . The samples were originally annealed at 1150°C for 1 h in N 2 ambient ͑300 SCCM͒ to form Si NCs before the passivation annealing. nated emission, resulting in a weaker role of interface state recombination compared with the strong quantum confinement effect. Similarly, as Si NC size becomes larger, the increase of the fraction of oxygen-related bonds and the reduction of the critical value for interfacial effect-dominated emission would make the interface state recombination play a crucial role in the luminescence. Moreover, the modification of surface chemistry of Si NCs by annealing in N 2 ambient can also be explained by the combination of Refs. 12 and 27. The decrease of Siv O bonds fraction by N incorporation in the interfacial shell of Si NCs and consequent formation of Si-N bonds is beneficial for the quantum confinement effect to dominate the PL emission.
Another interesting observation in our study is that the localized levels formed by interface states are also size dependent in this study, i.e., peak B emission shifts from ϳ860 nm towards longer wavelength and then saturates at ϳ930 nm with the increase of Si NC size as mentioned in Sec III. A. Theoretically, the redshift is also tightly related to the increase of the number of Siv O bonds at the surface 28 as a result of the larger NC size. 27 The calculation in Ref. 28 indicates that the addition of new Siv O bonds reduces the energy gap between localized levels, but the amount of reduction is not linear with the number of the double bonds. The more the Siv O bonds, the more the energy gap reduction, but the reduction rate decreases as the Siv O bonds increase so that a sort of saturation limit occurs in the end. This is very consistent with our experimental observation of peak B shift with the increase of Si NC size. Hence, the puzzle of abnormal size-dependent behavior of interface states mentioned in Sec. III A can be explained, and our observation also provides experimental evidence to the theoretical calculation in Ref. 28 .
V. CONCLUSIONS
In conclusion, we have separated the interface state recombination effect from the quantum confinement effect in PL signals from the SRO material system. Our observations reveal that the larger the size of Si NCs and the higher the interface states density ͑in particular Siv O bonds͒, the more beneficial for the interface state recombination process to surpass the quantum confinement process, in support of Qin and Li's model. 12 The transition trend of the two luminescence mechanisms as a function of Si NC size can be explained based on a realistic model of Si NCs embedded in a SiO 2 matrix.
